C
ardiac changes in patients with end-stage liver disease can lead to abnormal cardiac contractility with electromechanical conduction abnormalities and diastolic and systolic dysfunction. 1 Often the systolic dysfunction is masked as a result of decreased afterload from splanchnic vasodilatation but can be uncovered with exercise or pharmacological stress testing. [2] [3] [4] Liver transplantation (LT) is associated with significant hemodynamic changes that require adequate cardiac reserve. There is an abrupt increase in systemic vascular resistance resulting in increased myocardial oxygen demand. 5 The goal of the cardiovascular assessment prior to LT is to evaluate whether the patient can adapt to these intra-and postoperative changes. 6 In the current era, nonalcoholic fatty liver disease is more commonly being detected and requiring LT. 7 This particular form of advanced liver disease carries with it a higher risk of underlying coronary artery disease (CAD). 8 The prevalence of CAD in patients with advanced liver disease may be as high as 7.5% and is associated with significant morbidity and mortality. [9] [10] [11] [12] Furthermore, although a significant proportion of patients may not have significant obstructive epicardial coronary disease, they may have significant endothelial dysfunction and abnormal microvascular function. [13] [14] [15] Inducible microvascular perfusion (MVP) defects during demand stress testing, even in the absence of wall motion (WM) abnormalities, have been associated with an increased risk of morbidity and mortality in patients with suspected CAD. 16 Despite these developments, there are still no class 1 indications of how to appropriately evaluate cardiovascular risk in the patient with advanced liver disease. 6 Unlike current radionuclide imaging techniques, myocardial contrast intensity during a continuous infusion of commercially available microbubbles is able to simultaneously examine regional WM and microvascular capillary blood flow at rest and during demand stress. 17, 18 In this context, dobutamine stress perfusion echocardiography (DSPE) has been shown to improve the detection of epicardial disease and to identify patients with abnormal microvascular reserve. 17 Because the use of contrast also improves Doppler signal detection and endocardial border delineation, 19 it can also be utilized to detect other subtle cardiac abnormalities that may be associated with increased risk, such an abnormal diastolic dysfunction or slight variations in left ventricular systolic function, that may predict outcome. Previous studies in an earlier era of LT suggested that MVP abnormalities detected with DSPE may identify those at risk for cardiac complications, but nonalcoholic fatty liver disease patients were not evaluated, event rates were low, and the effects of ejection fraction and diastolic function were not simultaneously assessed. 18 The aim of this study was to evaluate the prognostic importance of DSPE in adult patients undergoing isolated LT for predicting both cardiovascular and overall clinical outcomes in the current era.
Methods Patients
This retrospective cohort study was approved by the institutional review board at the University of Nebraska Medical Center (UNMC). Data were collected from the electronic health records and the LT database at UNMC. The requirement for informed consent was waived by our institutional review board. In total, 724 pediatric and adult patients underwent LT at UNMC between January 19, 2008, and June 7, 2014. A total of 508 (70%) received an isolated single-organ LT, and 296 of these adult patients (40%) underwent DSPE to assess baseline systolic and diastolic function as well as perfusion and WM response as part of the initial screening for LT ( Figure 1 ). Demographic data such as age, sex, cardiac risk factors, and race were collected. The Model for End-Stage Liver Disease (MELD) score was used to determine the severity of liver disease using the composite of 3 laboratory variables: serum creatinine, serum bilirubin, and International Normalized Ratio for prothrombin time. If patients had a history of prior CAD (prior percutaneous or surgical revascularization or angiogram demonstrating >50% coronary artery obstruction), this was also recorded. Exclusion criteria included those with left ventricular ejection fraction (LVEF) <40%, age <19 years, or allergy to perflutren contrast.
Dobutamine Stress Perfusion Echocardiography
The contrast agent used for DSPE was the commercially available lipid-encapsulated microbubble Definity (BristolMyers Squibb Medical Imaging). Contrast agents were administered as a continuous 3% intravenous infusion during real-time imaging at a very low mechanical index. The systems were adjusted to achieve the optimal nonlinear signal at a mechanical index of <0.2 and a frame rate of 25 Hz. Timegain compensation and 2-dimensional gain settings were adjusted as recommended to suppress any signals from tissue prior to contrast injection and remained unchanged throughout the study. 19 In all patients, baseline measurements of systolic and diastolic function were performed prior to stress testing. For systolic function, LVEF was computed using biplane Simpson measurements of end-diastolic and end-systolic volumes in the apical 4-and 2-schamber views during contrast infusion. Indexed left atrial volume, Doppler-derived pulmonary artery systolic pressure, and parameters of diastolic function assessment were recorded and graded based on American Society of Echocardiography guidelines. 20 MVP and WM were assessed using a 17-segment model as proposed by 2015 guidelines. 21 
DSPE Protocol
Patients were instructed to discontinue beta blockers at least 24 hours before the stress test. After measurements of baseline left ventricular systolic and diastolic function using contrast enhancement, intravenous dobutamine was infused at a starting dose of 5 lg/kg per minute, followed by increasing doses of 10, 20, 30, and 40 lg/kg per minute, up to a maximal dose of 50 lg/kg per minute, in 3-to 5-minute stages. 21 Atropine (up to 2.0 mg) was injected in patients without symptoms or signs of myocardial ischemia not achieving 85% of the predicted maximal heart rate (220Àage in years). The end points of stress tests were achievement of the target heart rate (85% of predicted maximal heart rate), maximal dobutamine/atropine doses, ST-segment elevation of 2 mm at an interval of 80 ms after the J point in non-Q-wave leads, sustained arrhythmias, severe chest pain, or intolerable adverse effects considered to be caused by dobutamine or atropine. 22, 23 Hypotension was defined as a fall of systolic blood pressure below 80 mm Hg or a reduction of >20 mm Hg from baseline. A hypertensive response was defined as a blood pressure of ≥230/120 mm Hg. 24 During contrast infusion, brief high mechanical index impulses were administered in each apical window, and perfusion and WM were analyzed during the myocardial replenishment period at rest and at peak stress. MVP was defined as abnormal if there was a delay in resting replenishment of myocardial contrast following a high mechanical index impulse of >4 seconds under resting conditions or >2 seconds at peak stress. The number of segments exhibiting any abnormality was also quantified. WM was also segmentally graded as normal or abnormal (hypo-, a-, or dyskinetic). All WM and MVP data were interpreted by an experienced observer and then reevaluated by a second expert reviewer (F.X.) who was blinded to any clinical or other imaging data. A consensus of the 2 readers was needed to report an abnormal finding for either WM or MVP. Patients with normal MVP both at baseline and at peak stress were classified as having a normal perfusion study. Patients with normal MVP at baseline and a new segmental defect (or defects) during stress and those with baseline MVP abnormalities that persisted during stress were classified as having abnormal studies. Segments were excluded from analysis when there was attenuation from contrast or lung interference, which was defined as when the endocardial and epicardial borders of a segment could not be visualized and thus were not distinguishable from surrounding tissues.
Coronary Angiography and Revascularization
Fourteen of the 18 patients with abnormal MVP or WM were further evaluated with coronary angiography prior to LT. Revascularization with either percutaneous coronary intervention or coronary artery bypass grafting was performed based on the basis of the results of the stress test and whether ≥70% stenosis in the proximal or midportion of a major epicardial vessel was present.
Statistical Analysis of Data
Follow-up was determined using the LT database and the electronic health records at UNMC and completed June 1, 2016. The primary outcome was considered a composite of all adverse cardiovascular events, which included cardiovascular death (death documented to occur as a result of a cardiac arrhythmia or coronary occlusive event), nonfatal myocardial infarction (defined by a serial increase in cardiac biomarkers in the setting of a suspected acute coronary syndrome), and/ or sustained ventricular arrhythmias with hemodynamic compromise. Secondary outcome was defined as a composite of all-cause death, nonfatal MI, and/or ventricular arrhythmia with hemodynamic compromise. SAS version 9.4 for PC (SAS Institute) was used for all summaries and analyses. The statistical level of significance was set at a=0.05 for all comparisons. The years from date of transplantation to first major cardiovascular event were calculated for each participant. If a participant did not experience a major cardiovascular event, the years from date of transplantation to date of last follow-up or date of noncardiovascular death were calculated and the participant was treated as censored. Kaplan-Meier curves were generated to compare the years until the primary outcome for those with an MVP defect versus those without a defect. This was also used for abnormal versus normal WM and those with and without abnormal (grades 1-3) diastolic function. The log-rank test was used to compare these curves, and the P value is reported. Cox proportional hazards models were fit for both the primary and secondary outcomes. These models specifically focused on the independent predictive value of any clinical parameter, baseline assessments of LVEF and diastolic function, and any stress induced abnormality. P values for each term in the model were presented in addition to hazard ratios and 95% CIs. For both the primary and secondary outcomes, univariate analyses of times to outcome were performed. Age at transplantation, LVEF, and MELD score were tested for association with each of the outcomes using Cox proportional hazards models. Clinical variables were included in this model, including diabetes mellitus, sex, and history of known CAD. The imaging and clinical variables that had P values <0.10 were entered into a multivariate model, and the backward selection procedure and stepwise selection were used to retain only those variables that had P values <0.05 in the multivariate model.
Results

Patient Characteristics
The mean age of patients at transplant was 59AE6 years. Overall, 197 (67%) were male and 99 (33%) were female. Of the 296 patients, 263 were white (88.8%), 14 were black (4.8%), 10 were Asian (3.3%), 6 were Hispanic (2%), and 3 were Native American (1%). In addition, 81 patients had diabetes mellitus (27%) and 121 (41%) had a history of hypertension. There were 159 patients (53%) who had a history of smoking or were current smokers.
A total of 13 patients (4.4%) had an inducible WM abnormality, and 18 patients (6%) had an inducible MVP defect ( Figure 2 , Video S1). There were no resting WM or MVP defects (no fixed defects). All patients with inducible WM abnormality had inducible MVP abnormality, whereas 5 patients had inducible MVP defects but no inducible WM abnormality. Table 1 describes the differences in clinical and baseline imaging variables in those with normal versus abnormal MVP responses. There was no significant difference between these groups in terms of age, sex, smoking history, diabetes mellitus, hyperlipidemia, or prevalence of nonalcoholic fatty liver disease. Patients with MVP defects had significantly higher prevalence of known prior CAD (P=0.004) and hypertension (P=0.02). Table 2 describes the etiology of liver cirrhosis in the 296 patients included in the study. The most common causes of end-stage liver disease were hepatitis C, nonalcoholic fatty liver disease, and alcoholic liver disease.
Outcomes
Fourteen of the 18 patients with abnormal DSPE studies underwent coronary angiography prior to LT. Seven (50%) were found to have significant obstructive epicardial lesions and underwent revascularization with either percutaneous coronary intervention (3 patients) or coronary artery bypass grafting (4 patients) prior to transplantation. The median follow-up time was 4.1 years for the primary outcome and 4.8 years for the secondary outcome. Over the median followup period, 69 patients died (23%). The causes of noncardiovascular death in 65 patients were as follows: 14 with graft failure, 12 with postsurgical and bleeding complications, 9 with sepsis, 8 with multiorgan dysfunction, 8 with malignancy, 1 with renal failure, 1 with insulin overdose, and 12 with exact cause unknown.
Abnormal MVP was a significant univariate predictor of the primary outcomes, as was the presence of an inducible WM abnormality ( Figure 3A and 3B). Patients with MVP defects had significantly higher cumulative incidence of the primary outcome compared with patients with normal stress MVP (16% versus 0.7%, P=0.0006), whereas those with abnormal WM also had significantly higher incidence (15% versus 1%, P=008). Diastolic dysfunction was not predictive of the primary outcome, even when comparing patients with grade 2-3 diastolic dysfunction with those who had normal function or grade 1 dysfunction. There was a tendency for abnormal MVP (P=0.19) (Figure 4 ) and abnormal diastolic function (P=0.13) to predict the secondary composite outcome, but no specific rest or stress variable predicted overall mortality. On multivariate analysis after adjusting for confounding clinical and imaging variables (age, diabetes mellitus, MELD score, history of CAD, LVEF, diastolic dysfunction, WM abnormality), only abnormal MVP was an independent predictor of the primary outcome (P<0.001). Patients with an MVP defect at peak stress had a 7.5-fold increased risk of experiencing primary outcome following transplantation in a multivariate model (95% CI 1.9-30.7). MVP was an independent predictor of the primary outcome when using both stepwise selection and backward variable selection methods. Table 3 describes the demographic characteristics, stress test findings, and outcomes of the 18 patients with abnormal MVP. Two of the 5 patients (40%) with abnormal MVP but 
Other causes 17 (6) normal WM had cardiovascular deaths after LT. Of the 4 patients with abnormal MVP who did not have coronary angiography, 1 (25%) had a primary event; this was not different than the primary event rate in those who did go on to angiography.
Discussion
Noninvasive stress tests in candidates for LT have typically been performed using pharmacological stressors because patients with advanced liver disease are usually debilitated and also may have chronotropic incompetence. 25 27 In patients with intermediate pretest probability of CAD, MVP analysis during stress real-time perfusion echocardiography provides independent and incremental prognostic data compared with WM analysis alone. 16, 27 Microvascular disease has been shown to be associated with significantly increased risk of adverse cardiac events, which include sudden death and myocardial infarction. 28, 29 The major finding of the current study is that abnormal stressinduced MVP was a significant independent predictor of cardiovascular outcomes. We found that MVP imaging was associated with occult epicardial disease that led to revascularization in 7 (38%) of 18 patients with abnormal DSPE; however, 7 of 14 patients (50%) with MVP defects during stress did not have significant obstructive epicardial CAD. Despite revascularization in the subset of patients with abnormal MVP, the entire group of patients with abnormal stress MVP still had worse outcomes compared with those with normal MVP responses. This would indicate that detection of a stress-induced MVP defect prior to LT evaluation warrants more than just coronary angiography and epicardial revascularization if a significant stenosis is detected. Although the number of abnormal MVP studies was small relative to the entire study population, the presence of MVP defects during stress (regardless of epicardial disease and subsequent revascularization) was the only independent predictor of cardiovascular events. Although the mechanisms for inducible MVP defects in the absence of significant obstructive epicardial disease are unknown, the risk factors for inducible MVP may be similar to overt epicardial CAD. 30 Consequently, control of blood pressure and serum lipids in patients exhibiting MVP defects during demand stress may be critical in the post-LT setting, where recovery of liver function combined with antirejection therapies may increase the risk of hypertension and dyslipidemia.
Study Limitations
This study was a retrospective single-center study and included only patients who underwent LT. This selection bias could have underestimated the prevalence of CAD, and there may have been patients who were declined LT because of known significant cardiac disease or structural cardiac dysfunction prior to LT evaluation. Moreover, we demonstrated only a trend for inducible MVP defects or diastolic dysfunction to predict all-cause deaths. This may be related to the fact that a good percentage of post-LT all-cause deaths were caused by graft rejection and postoperative bleeding, which may not be predicted by MVP responses to stress. We evaluated for outcomes after LT only in patients who had undergone DSPE. Many patients wait for a long period of time before they get LT, and there could have been cardiovascular events that occurred during that period, especially in those with bleeding events or prolonged hypotension.
Conclusions
The assessment of MVP with DSPE appears to be a useful noninvasive technique to risk-stratify patients with end-stage liver disease undergoing LT in the current era. Abnormal MVP during demand stress identified patients with significant epicardial CAD as well as coronary microvascular dysfunction without epicardial CAD. Despite revascularizing all patients with abnormal MVP and significant epicardial disease, there was a >7-fold increased risk of cardiovascular death and nonfatal myocardial infarction in patients with abnormal MVP. The detection of inducible MVP defects adds incremental predictive value over WM analysis, resting left ventricular systolic and diastolic function, and clinical variables in predicting cardiovascular outcome in the current patient population undergoing LT.
